Emission characteristics of air pollutants from three commercially operating cement kilns co-burning waste were investigated. The major heavy metals emitted were mercury (Hg), zinc (Zn), nickel (Ni), chromium (Cr), lead (Pb), cadmium (Cd), and arsenic (As) Removal efficiency of the bag filter was above 98.5% for heavy metals (except Hg), and above 60% for Hg. Higher fractions of heavy metals entering the bag filter were speciated to cement kiln dust. On average, 3.3% of the -heavy metals of medium and low toxicity (Pb, Ni, and Cr) entering the bag filter were released into the atmosphere. Among highly toxic heavy metals, 0.14% of Cd, 0.01% of As, and 40% of Hg entering the bag filter were released into the atmosphere. In passing through the bag filter, the proportion of oxidized Hg in all cases increased. Emission variations of hazardous air pollutants in cement kilns tested were related to raw materials, fuel, waste feed and operating conditions. Volatile organic compounds detected in gas emissions were toluene, acrylonitrile benzene, styrene, 1,3-butadiene, and methylene chloride. Although hazardous air pollutants in emissions from cement kilns co-burning waste were within the existing emission limit, efforts are required to minimize their levels.
Introduction
Cement manufacturing is an energy-and resource-intensive process requiring large amounts of raw materials and fuel. A cement plant consumes from 3,000 to 6,500 MJ of fuel per ton of clinker produced (electricity and transportation together add about 10% more to the total energy) depending on the raw materials and the process used.
1) Cement production involves the burning of the intermediate clinker product in a kiln at higher temperature. The process requires temperatures of 2,000°C in the main burner, 1,450°C for the materials to make clinker, and 1,000°C-1,200°C in the pre-calciner. In order to reduce the high-cost energy requirements for the decomposition of waste and by-products with high calorific value can be used as fuel in cement kilns (CKs). Some waste and by-products containing useful minerals such as calcium, silica, alumina, and iron can be used as raw materials in the kiln.
2)
Cement kilns offer the easiest option for destruction of unwanted organic wastes due to their high incineration temperature, large furnace area, longer residence time, and the alkaline environment inside the kiln.
3) Burning of waste in CKs has various benefits such as destruction of waste from other industries, energy recovery, conservation of non-renewable resources and reduction of cement production cost. 4, 5) Wastes have long been used as alternative fuels and raw materials in CKs in Europe, Japan, USA, Canada, and Australia, and more recently in Korea. Fuel substitution in the European Union (EU) cement plants use an average of 12% wastes as alternative fuels and raw materials.
6) The cement industry in Korea began burning waste from used tires since 1995, following which CKs were recognized as waste disposal facilities.
7) The CKs in Korea use coal as the primary fuel also use waste as an auxiliary fuel to economize production. 8) After a shift in waste management policy from landfill to reduction, recycling and safe and sanitary treatment of wastes have been a priority in Korea, and large amount of combustible waste has been burned in incinerators and CKs. Cement manufacturing causes environmental impacts at all stages, including emissions of airborne pollution (dust, gases), noise and vibrations, and damage to the countryside from quarrying. Various initiatives have been taken in the EU and USA to regulate the emission of hazardous air pollutants (HAPs) from CKs. The co-incineration of waste (hazardous and non-hazardous) in CKs is encouraged in the EU, and is currently regulated by the EU Directive2000/76/EC. 9) U.S. Environmental Protection Agency (EPA) regulates HAPs from CKs by maximum achievable control technology regulation (MACT). In addition, CKs burning hazardous waste are regulated separately. 10,11) The Asia-Pacific partnership (a government program including the cement industry in the USA, Japan, China, South Korea, Australia, and India) is working together on various issues, including emission management in the cement industry.
12)
In spite of worldwide efforts to reduce emissions from CKs, there exist limited literatures on HAP emissions from CKs burning wastes. This paper summarizes the HAP emission characteristics, transformation within the system, and the control efficiency achieved by the existing air pollution control devices (APCDs) in CKs co-burning waste. In addition, heavy metal speciation in cement kiln dust (CKD) and its potential fate in the environment are discussed. 
Experimental Methods
Emission tests were carried out at three commercially-operating CKs co-burning waste as an auxiliary fuel. CKs tested consisted of a rotary kiln, spray tower, and bag filter (BF) arranged in a series for flue gas cleaning. The APCDs configuration is shown in Fig.  1 [Hg] , and Hg speciation) and volatile organic compounds (VOCs) were measured. All parameters were sampled and analyzed before the BF and stack of each facility. Dust sampling and analysis were carried out according to the Korean standard test method. Heavy metals were sampled using the Korean standard test method and analyzed by U.S. EPA M-3050B, inductively coupled plasma-mass spectroscopy (ICP-MS), method.
Mercury and its speciation were sampled and analyzed by the Ontario hydro method. Isokinetic samplings were performed, and the flue gas withdrawn was passed through the filtration system followed by a series of impingers in an ice bath. Hg p was collected on the filter; Hg 2+ was collected in three impingers with 1 N potassium chloride solution; and Hg 0 was collected in an impinger containing 5% nitric acid and 10% peroxide solution and in three impingers containing a solution of 10% sulfuric acid
Results and Discussion

Raw Materials, Fuel and Waste
In addition to primary fuel-coal and oil; auxiliary fuel burned in the examined CKs included petroleum coke, fly ash, waste derived fuel (WDF), refuse plastic fuel (RPF), tire, rubber and textile. Ferrous material, pumice stone, molding sand, fly ash, sludge, and slag were used as auxiliary materials. Gypsum from desulphurization and slag mixture were also used during the clinker production process. The composition of major raw materials, fuel, and waste used in the CKs is shown in Table 2 . Coal and oil were fed at the rotary kiln, and waste was fed at the preheater.
The measured concentrations of heavy metals in the raw material, fuel, and waste are shown in Table 3 . As shown in the table, auxiliary materials, fuels contained a higher concentration of heavy metals than the primary materials and fuels did. Arsenic was not detected in any of the sample types tested in CK #1 and CK #2. In general, waste ash, sludge, and slag contained higher concentrations of heavy metals. The heavy metals concentrations in the waste vary between the CKs tested. For example, Pb was higher in the sludge and slag mixture in CK #1, in ferrous materials in CK #2, and in the slag mixture in CK #3. The input concentrations of metals vary according to variations in composition of the fuel, waste, auxiliary material, and auxiliary fuel.
